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Abstract	  Light-­‐absorbing	   organic	   carbon,	   also	   known	   as	   brown	   carbon	   (BrC),	   is	   an	  important	  climate	  warming	  agent	  that	  contributes	  to	  positive	  radiative	  forcing,	  but	  to	  date	  it	  is	  generally	  not	  represented	  in	  current	  climate	  models	  in	  part	  due	  to	  lack	  of	  understanding	  in	  its	  sources	  and	  formation	  processes.	  Secondary	  organic	  aerosol	  (SOA)	   produced	   from	   the	   reactive	   uptake	   and	   multiphase	   chemistry	   of	   isoprene	  epoxydiols	   (IEPOX),	  which	  are	  major	  gas-­‐phase	  oxidation	  products	   from	   isoprene,	  has	  been	  found	  to	  substantially	  contribute	  to	  the	  fine	  organic	  aerosol	  mass	  over	  the	  southeastern	  U.S.	  region,	  and	  is	  significantly	  enhanced	  by	  anthropogenic	  emissions.	  Brown	  carbon	  (BrC)	  in	  rural	  areas	  in	  this	  region	  has	  been	  reported	  to	  be	  associated	  with	  secondary	  sources	  in	  summer	  when	  influences	  from	  biomass	  burning	  are	  low.	  This	  study	  demonstrates	  the	  formation	  of	  light-­‐absorbing	  (290	  nm<λ<700	  nm)	  SOA	  constituents	   resulting	   from	   reactive	   uptake	   of	   trans-­‐β-­‐IEPOX	   onto	   preexisting	  sulfate	  aerosols	  as	  a	  potential	  source	  of	  regional	  BrC.	  These	  results	  illustrate	  a	  novel	  chemical	   process	   leading	   to	   BrC	   production	   from	   an	   atmospherically	   abundant	  carbon	   species.	   In	   light	   of	   recent	   developments	   on	   the	   contribution	   of	   BrC	   to	   the	  global	  climate	  budget,	   these	  results	  possess	  major	   implications	   for	  climate	  models	  and	  the	  role	  of	  secondary	  aerosols	  on	  the	  global	  climate	  system.	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Introduction	  Fine	   aerosols	   in	   the	   atmosphere	   have	   been	   recognized	   to	   have	   significant	  impact	   on	   the	   Earth’s	   climate	   system	   by	   directly	   scattering	   and	   absorbing	   solar	  radiation	  or	  indirectly	  serving	  as	  cloud	  condensation	  nuclei	  for	  cloud	  formation	  [1].	  Despite	   the	   demonstrated	   role	   of	   aerosols	   in	   atmospheric	   chemistry,	   large	  uncertainties	  remain	  in	  the	  current	  understanding	  that	  limit	  accurate	  estimates	  on	  the	  combined	  effects	  of	  atmospheric	  aerosols	  on	  radiative	  forcings	  (RFs)	  that	  have	  profound	  effects	  on	  global	  climate	  [2].	  Recent	  research	  efforts	  have	  been	  focused	  on	  the	   presence	   of	   light-­‐absorbing	   carbonaceous	   aerosols,	  which	   have	   been	   found	   to	  make	  a	  significant	  contribution	  to	  positive	  RFs,	  reporting	  an	   increase	  to	  0.7-­‐0.9	  W	  m-­‐2	  relative	  to	  the	  IPCC	  (2007)	  value	  of	  0.4	  W	  m-­‐2	  [3-­‐5].	  More	  recent	  estimates	  find	  that	  positive	  RFs	  from	  light-­‐absorbing	  carbonaceous	  aerosols	  could	  be	  substantially	  larger.	  Bond	  et	  al.	  [6]	  estimated	  a	  RF	  of	  +1.1	  W	  m-­‐2	  for	  black	  carbon	  (BC),	  and	  Feng	  et	   al.[7]	   recommended	   a	  RF	   value	   of	   +0.25	  W	  m-­‐2	   for	   brown	   carbon	   (BrC).	   These	  estimations	  potentially	  make	  total	  light-­‐absorbing	  aerosol	  (i.e.,	  BC	  +	  BrC)	  the	  second	  largest	  warming	  component	  in	  the	  atmosphere	  following	  CO2	  (+1.66	  W	  m-­‐2)	  [3].	  Due	  to	  the	  poor	  current	  understanding	  of	  its	  composition	  and	  its	  formation,	  BrC	  is	  often	  neglected	   or	   insufficiently	   represented	   in	   climate	   models,	   consequently	   leading	  models	   to	   conclude	   a	   net	   cooling	   effect	   for	   BC	   and	   nonabsorbing	   organic	   carbon.	  Defining	   characteristics	   of	   BrC	   and	   its	   major	   sources	   is	   therefore	   essential	   to	  improving	  measurements	  of	  BrC	  and	  its	  contributions	  to	  RF.	  	  Light-­‐absorbing	   aerosols	   have	   been	   traditionally	   associated	   with	   primary	  emission	  sources,	  such	  as	  BC	   from	  fuel	  combustions	  and	  BrC	   from	  forest	   fires	  and	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biomass	  burning.	  Secondary	  organic	  aerosols	  (SOA)	  have	  been	  thought	  to	  primarily	  scatter	   light	  and	   lead	   to	  cooling	  effects	   [3].	  However,	   studies	  have	  recently	  shown	  that	   substantial	   absorption	   from	   SOA	   derived	   from	   various	   anthropogenic	   and	  biogenic	   precursors	   via	   different	   formation	   pathways	   can	   also	   absorb	   light	   in	   the	  near-­‐ultraviolet	   (UV)	   and	   visible	   (Vis)	   regions	   commonly	   associated	  with	   BrC	   [8-­‐11].	  Due	  to	  the	  large	  uncertainty	  of	  how	  SOA	  in	  the	  atmosphere	  contributes	  to	  the	  overall	   radiative	   balance	   of	   the	   Earth’s	   climate	   system	   through	   mechanisms	   that	  lead	  to	  both	  positive	  and	  negative	  RFs,	  a	  fundamental	  understanding	  of	  sources	  and	  formation	  mechanisms	   leading	   to	  BrC	   in	   SOA	   is	   necessary	   to	   accurately	   assess	   its	  impact	  on	  the	  climate.	  Isoprene	   (2-­‐methyl-­‐1,3-­‐butadiene)	   is	   the	   most	   abundant	   non-­‐methane	  atmospheric	  hydrocarbon	  [12].	  It	  has	  been	  the	  focus	  of	  many	  recent	  studies	  yielding	  insights	   into	   the	   roles	   of	   nitrogen	   oxides	   (NOx)	   levels,	   peroxy	   acyl	   nitrate	   (PAN)	  formation,	   relative	   humidity	   (RH),	   and	   aerosol	   acidity	   in	   SOA	   formation	   [13,	   14].	  Field	   studies	   in	   the	   southeastern	   U.S.	   have	   illustrated	   that	   biogenic	   isoprene	   SOA	  formation	  is	  enhanced	  by	  anthropogenic	  factors	  [15,	  16].	  Despite	  the	  attention	  given	  to	   isoprene-­‐derived	  SOA,	   little	   is	  known	  about	   its	   light	  absorbing	  properties.	  Field	  studies	   have	   recently	   observed	   substantial	   BrC	   at	   rural	   sites	   during	   the	   summer	  when	  emissions	  from	  biomass	  burning,	  the	  traditional	  major	  source	  of	  BrC,	   is	   low.	  These	  observations	  suggest	  that	  biogenic	  sources	  of	  BrC	  may	  be	  major	  contributors	  of	  BrC	  [17,	  18].	  	  	  Isoprene	   was	   first	   observed	   to	   form	   light-­‐absorbing	   material	   in	   1982	   by	  Kamens	   et	   al.	   [19]	   in	   which	   methylvinylketone	   (MVK)	   and	   methacrolein	   (MACR)	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were	  reacted	  with	  ozone	  (O3).	  The	  study	  observed	  that	  the	  filter	  extracts	   from	  the	  dark	   reaction	   experiments	   possessed	   a	   yellow	   color,	   however	   this	   result	   was	  attributed	   to	  possible	  NOx	   contamination	   in	   the	  chamber.	   In	  addition,	   glyoxal	   [20-­‐26]	  and	  methylglyoxal	  [27,	  28],	  two	  oxidation	  products	  of	  isoprene,	  have	  also	  been	  shown	   to	   produce	   BrC	   and	   their	   optical	   properties	   have	   been	   characterized	   [29].	  Adding	   to	   the	  connection	  between	   isoprene	  and	   light-­‐absorbing	  material,	  Limbeck	  et	   al.	   [30]	   demonstrated	   the	   formation	   of	   polymeric	   species	   from	   reactions	   of	  isoprene	   and	   sulfuric	   acid.	   These	   polymer	   products	   produced	   substantial	   visible	  absorption	  above	  300	  nm	  most	  likely	  caused	  by	  the	  presence	  of	  conjugated	  double	  bonds.	   Recently,	   Updyke	   et	   al.	   [31]	   investigated	   the	   BrC-­‐forming	   potential	   from	  ozone	  O3-­‐	   and	  hydroxyl	   radical	  OH-­‐initiated	  oxidation	  of	   isoprene	  with	  ~100	  ppb	  gaseous	  ammonia	  (NH3)	  exposure	  in	  a	  humid	  environment.	  This	  study	  reported	  that	  no	   observable	   BrC	   materials	   were	   produced	   from	   isoprene	   under	   the	   given	  experimental	   settings.	   These	   studies	   illustrate	   the	   potential	   for	   volatile	   organic	  carbon	  to	  form	  light-­‐absorbing	  secondary	  products	  in	  the	  atmosphere,	  however	  the	  chemical	   mechanisms	   and	   environmental	   conditions	   responsible	   for	   their	  formation,	   as	   well	   as	   the	   products	   themselves,	   have	   yet	   to	   be	   understood	   or	  identified.	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Materials	  and	  Methods	  
Chamber	  Experiments	  	  	   Reactive	   uptake	   experiments	   were	   performed	   in	   a	   10-­‐m3	   flexible	   Teflon	  indoor	  chamber	  in	  the	  University	  of	  North	  Carolina.	  Particle	  number	  concentrations,	  size	  distributions,	  and	  volume	  concentrations	  from	  the	  chamber	  were	  continuously	  monitored	   before	   and	   during	   experiments	   using	   a	   differential	   mobility	   analyzer	  (DMA,	  BMI	  model	  2002)	  coupled	  to	  a	  mixing	  condensation	  particle	  counter	  (MCPC,	  BMI	  model	  1710).	  Prior	  to	  each	  experiment,	  the	  chamber	  was	  flushed	  for	  at	  least	  24	  hours	  to	  ensure	  there	  was	  no	  pre-­‐existing	  aerosol	  in	  the	  chamber.	  Particle	  number	  concentrations	  were	  below	  15	  cm-­‐3,	  and	  volume	  concentrations	  were	  ~10-­‐3	  μm3cm-­‐3	  at	  start	  of	  each	  experiment.	  	  A	  summary	  of	  experimental	  conditions	  is	  listed	  in	  Table	  1.	  Briefly,	   experiments	   varied	   three	   variables:	   seed	   composition,	   seed	   acidity,	   and	  relative	   humidity.	   Two	   types	   of	   sulfate	   seed	   aerosol	   were	   employed	   for	   reactive	  uptake:	  MgSO4	  (0.06	  M)	  and	  (NH4)2SO4	  (0.06	  M).	  Acidified	  sulfate	  seed	  aerosols	  for	  experiments	  under	  acidic	  conditions	  was	  generated	  by	  adding	  sulfuric	  acid	  (0.06	  M)	  to	  seed	  solutions.	  Seed	  aerosol	  was	  atomized	   into	  the	  chamber	  using	  a	  home-­‐built	  nebulizer	  at	  a	  flow	  rate	  of	  4	  L	  min-­‐1	  until	  a	  stable	  total	  aerosol	  volume	  concentration	  of	  30	  μm3	  cm-­‐3	  was	  achieved.	  Experiments	  were	  conducted	  at	  high	  (~50%)	  or	  low	  (<10%)	  RH	  conditions.	  Humidity	  for	  high	  RH	  experiments	  was	  achieved	  by	  flushing	  the	   chamber	   through	   a	   bubbler	   containing	   water	   heated	   to	   70	   °C	   until	   RH	   of	  approximately	  50%	  was	  achieved.	   	  Temperature	  and	  RH	   inside	   the	  chamber	  were	  monitored	   using	   an	   OM-­‐62	   temperature	   relative	   humidity	   data	   logger	   (OMEGA	  Engineering,	  Inc.).	  Experiments	  were	  repeated	  multiple	  times	  with	  similar	  results.	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After	  SOA	  levels	  stabilized	  in	  the	  chamber,	  synthetic	  trans-­‐β-­‐IEPOX	  (15	  mg)	  was	   introduced	   into	   the	   chamber	   by	   flowing	   high-­‐purity	   N2	   gas	   through	   the	  manifold	   heated	   to	   ~70	   °C	   at	   2	   L	   min-­‐1	   for	   4	   hours.	   Manifold	   temperature	   was	  maintained	  using	   aluminum	   foil	  wrapping,	   heating	   tape,	   and	   heat	   resistant	   fabric.	  The	   synthesis	   procedure	   for	   the	   trans-­‐β-­‐IEPOX	   used	   in	   this	   study	   has	   been	  published	  by	  Zhang	  et	  al.[32].	  Following	  4	  hours	  of	  reaction	  after	  SOA	  concentration	  stabilization,	   aerosol	   samples	  were	   collected	   on	   Teflon	  membrane	   filters	   (47	  mm	  diameter,	   1.0	   µm	  pore	   size;	   Pall	   Life	   Science).	   Filter	   sampling	  was	   conducted	   at	   a	  flow	   rate	   of	   25	   L	   min-­‐1	   for	   two	   hours.	   Exact	   mass	   loadings	   on	   the	   filters	   were	  determined	  based	  on	  calculations	  of	  total	  volume	  sampled	  multiplied	  by	  the	  average	  mass	  concentrations	  of	  aerosols	  during	  the	  sampling	  period,	  assuming	  a	  density	  of	  1.25	  g	  cm-­‐3	  for	  IEPOX-­‐derived	  SOA	  (i.e.	  isoprene	  low-­‐NOx	  SOA)	  to	  convert	  measured	  volume	   concentrations	   to	   mass	   concentrations	   [33].	   Following	   collection,	   filter	  samples	   were	   stored	   in	   20	   mL	   scintillation	   vials	   at	   -­‐20°C	   until	   extraction	   and	  analysis.	  Filter	  were	  extracted	  with	  methanol,	  and	  subsequently	  analyzed	  by	  optical	  and	   chemical	   measurements	   to	   examine	   the	   light-­‐absorption	   characteristics	   and	  molecular	  composition	  of	  resultant	  SOA	  constituents.	  
UV-­‐Visible	  Spectroscopy.	  	  	   Light-­‐absorption	   properties	   of	   IEPOX-­‐derived	   SOA	   constituents	   were	  analyzed	  by	  UV-­‐Vis	  spectrophotometry.	  Filter	  samples	  were	  extracted	   in	  20	  mL	  of	  high-­‐purity	   methanol	   (LC-­‐MS	   Chromasolv®,	   Sigma-­‐Aldrich)	   and	   sonicated	   for	   45	  minutes.	  Filter	  extracts	  were	  blown	  dry	  with	  a	  gentle	  stream	  of	  high-­‐purity	  nitrogen	  and	   then	  reconstituted	  with	  1	  mL	  methanol.	   Solutions	  were	   transferred	   to	  a	  1-­‐cm	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path	   length	   quartz	   cuvette	   for	   UV-­‐Vis	   measurements	   carried	   out	   on	   a	   Hitachi	   U-­‐3300	  dual	  beam	  spectrophotometer,	  scanning	  from	  290	  nm	  to	  700	  nm	  (relevant	  to	  natural	   solar	   radiation)	   at	   a	   speed	   of	   300	   nm	   min-­‐1.	   An	   identical	   quartz	   cuvette	  containing	   extraction	   methanol	   solvent	   was	   used	   as	   reference.	   Samples	   collected	  from	  seed	  aerosol-­‐only	  control	  experiments	  and	  blank	  Teflon	  filters	  analyzed	  in	  the	  same	  manner	   showed	  no	  absorbance	  at	   the	  wavelengths	   found	   for	   IEPOX-­‐derived	  BrC.	  	  
UPLC/DAD-­‐ESI-­‐QTOFMS.	  	  	   Chemical	  characterization	  of	  IEPOX-­‐derived	  SOA	  constituents	  was	  performed	  using	   ultra	   performance	   liquid	   chromatography	   (UPLC)	  coupled	   to	   diode	   array	  detection	   (DAD)	   and	   high-­‐resolution	   quadrupole	  time-­‐of-­‐flight	  mass	   spectrometry	  equipped	  with	   an	   electrospray	  ionization	   source	   (ESI-­‐HR-­‐Q-­‐TOF-­‐MS,	   Agilent	   6520	  Series	   Accurate	   Mass	   Q-­‐TOFMS).	   Following	   UV-­‐Vis	   analysis,	   filter	   extracts	   were	  blown	  dry	  with	  a	  gentle	  nitrogen	  stream.	  The	  residues	  were	  reconstituted	  in	  150	  μL	  of	  a	  50:50	  mixture	  of	  high	  purity	  methanol	  and	  water.	  The	  reconstituted	  solutions	  were	  sonicated	  for	  5	  minutes	  and	  stored	  at	  -­‐20°C	  until	  analysis.	  UPLC	   chromatographic	   separation	   was	   conducted	   on	   a	   Waters	   ACQUITY	  UPLC	  high	  strength	  reverse	  phase	  silica	  column	  (2.1	  x	  100mm,	  1.8	  µm	  particle	  size)	  at	  a	  flow	  rate	  of	  0.3	  µL	  min-­‐1.	  Chromatography	  was	  performed	  using	  mobile	  phases	  A,	  0.1%	  acetic	  acid	  in	  water	  (LC-­‐MS	  ChromaSolv-­‐Grade,	  Sigma	  Aldrich)	  and	  B,	  0.1%	  acetic	  acid	  in	  methanol	  (LC-­‐MS	  ChromaSolv-­‐Grade,	  Sigma	  Aldrichwith	  the	  following	  gradient	  program:	  100%	  A	  over	  2	  minutes,	  increasing	  B	  from	  0	  to	  90%	  from	  2	  to	  10	  minutes	  holding	  at	  90%	  B	  from	  10	  to	  10.2	  minutes,	   then	  decreasing	  to	  0%	  B	  from	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10.2	  to	  12	  minutes.	  	  Sample	  injection	  volume	  was	  5	  µL.	  The	  post-­‐column	  in-­‐line	  DAD	  system	  scanned	  absorbance	   from	  200	  to	  800	  nm	  (5	  nm	  steps)	  and	  the	  eluant	  was	  then	  directed	  into	  the	  ESI-­‐HR-­‐Q-­‐TOF-­‐MS	  for	  analysis.	  Prior	  to	  each	  analysis,	  the	  Q-­‐TOF-­‐MS	   instrument	   was	   calibrated	   using	   a	   commercial	   ESI-­‐L	   low	   concentration	  standard	   dissolved	   in	   a	   95:5	   acetonitrile/water	   solvent	   (Agilent	   Technologies).	  Sodium	  propyl	  sulfate	  (electronic	  grade,	  City	  Chemical	  LLC)	  was	  used	  as	  a	  surrogate	  standard	  to	  quantify	  IEPOX-­‐derived	  organosulfates.	  Electron	  spray	  ionizations	  were	  optimized	   using	   a	   3500	   V	   capillary	   voltage,	   100	   V	   fragmentator	   voltage,	   62	   V	  skimmer	  voltage,	  gas	  temperature	  of	  300	  °C,	  10	  L	  min-­‐1	  drying	  gas	  flow	  rate,	  35	  psig	  nebulizer,	   10	   psig	   reference	   nebulizer,	   and	   35	   psig	   reference	   mass	   feed.	   Mass	  spectra	  were	  acquired	  within	  the	  range	  of	  m/z	  63	  to	  1000.	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Results	  
Characterization	  of	  Light	  Absorbing	  Properties	  	   Figure	   1	   shows	   the	   UV-­‐Vis	   spectra	   for	   experiments	   of	   varying	   relative	  humidity,	   seed	   acidity,	   and	   seed	   aerosol	   composition.	   	   The	   absorption	  characteristics	   of	   IEPOX-­‐derived	   SOA	   constituents	   are	   described	   by	   the	   effective	  mass	  absorption	  coefficient	  (MAC,	  cm2	  g-­‐1)	  at	  a	  given	  wavelength	  [31,	  34].	  MAC	  was	  calculated	  by	  normalizing	  the	  base	  10	  absorbance,	  A10,	  of	  the	  sample	  by	  the	  solution	  mass	  concentration	  (Cmass)	  times	  the	  path	  length,	  b,	  in	  centimeters.	  The	  formula	  for	  MAC	  is	  shown	  below	  in	  equation	  1.	  	  MAC   λ =    A10   !   ×   !" !"!  ×  Cmass 	  	   	   	   	   	   (1)	  The	  measured	   SOA	  mass	   concentrations	  were	   not	  wall	   loss	   corrected	   in	   order	   to	  directly	   compare	   the	   measured	   optical	   properties	   among	   different	   experimental	  conditions.	   The	   averaged	  MAC	  over	   a	   range	   of	  wavelengths	   (290	   to	   700	  nm)	  was	  calculated	  to	  compare	  the	  overall	  light	  absorbance	  of	  the	  SOA	  products	  from	  each	  of	  the	  experimental	  conditions	  listed	  in	  Table	  1.	  The	  range	  290	  to	  700nm	  was	  selected	  as	  it	  represents	  the	  wavelengths	  associated	  with	  natural	  sunlight.	  The	  average	  MAC	  is	  denoted	  by	  <MAC>	  and	  its	  calculation	  is	  shown	  below	  in	  equation	  2.	  	  < 𝑀𝐴𝐶 >=    1!""!!"# !"   ×    MAC   λ dλ!""  !"!"#  !" 	  	   	   	   (2)	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   RH	  (%)a	   SOA	  Mass	  Growth	  (µg	  m-­‐3)	   Aerosol	  Conc.	  (µg	  m-­‐3)b	   Organic	  Mass	  Conc.	  (µg	  m-­‐3)c	  MgSO4	   Neutral	   Dry	   6.1	   -­‐-­‐	   26.5	  ±	  1.8	   -­‐-­‐	  	   	   Wet	   58.6	   -­‐-­‐	   32.5	  ±	  2.2	   -­‐-­‐	  	   Acidified	   Dry	   8.6	   38.2	   66.6	  ±	  3.2	   29.6	  	   	   Wet	   51.1	   48.4	   94.2	  ±	  6.7	   42.3	  	   	   	   	   	   	   	  (NH4)2SO4	   Neutral	   Dry	   6.9	   -­‐-­‐	   42.5	  ±	  2.4	   -­‐-­‐	  	   	   Wet	   48.9	   48.3	   84.9	  ±	  5.7	   43.4	  	   Acidified	   Dry	   5.5	   131.6	   169.2	  ±	  10.3	   117.1	  	   	   Wet	   58.5	   74.5	   110.8	  ±	  6.3	   68.9	  aChamber	  conditions	  before	  injection	  of	  IEPOX.	  bAerosol	  mass	  concentrations	  are	  estimated	  from	  volume	  concentrations,	  	  assuming	  aerosol	  density	  of	  1.25	  g	  cm-­‐3	  (Kroll	  et	  al.	  2006)	  [33]	  and	  averaged	  over	  the	  course	  of	  filter	  sampling.	  	  cEstimated	  organic	  mass	  concentrations	  during	  filter	  collection.	  Temperature	  of	  chamber	  between	  23-­‐25	  °C	  Table	  1.	  Summary	  of	  experimental	  conditions	  	  
Effect	  of	  Seed	  Composition	  and	  Acidity	  Figure	   1	   presents	   the	   MAC	   values	   for	   the	   SOA	   generated	   in	   all	   eight	  experiments.	   Figure	   1	   (A)	   shows	   the	   MAC	   for	   experiments	   for	   IEPOX	   uptake	   on	  MgSO4	   inorganic	   seed.	   Under	   dry	   conditions	   and	   acidified	   seed,	   this	   experiment	  yielded,	   by	   far,	   SOA	   with	   the	   highest	   <MAC>	   at	   approximately	   340	   cm2	   g-­‐1.	   The	  absorbance	  exhibited	  is	  attributed	  to	  enhanced	  absorbance	  in	  three	  regions:	  a	  low-­‐intensity	  broad	  absorption	  band	   spanning	  500-­‐400nm,	   a	   second	  broad	  band	   from	  400-­‐350nm,	  and	  a	  steep	  shoulder	  centered	  at	  300nm.	  Samples	  of	  only	  solvent	  and	  of	  filter	   extracts	   from	   identical	   experiments	   run	   with	   only	   inorganic	   seed	  demonstrated	  no	  absorbance	  in	  their	  UV-­‐Vis	  spectra.	  Therefore,	  it	  can	  be	  concluded	  that	   the	   absorbance	   exhibited	   is	   attributable	   to	   the	   SOA	   generated	   from	   IEPOX	  uptake.	   It	   is	  worth	   noting	   that	   similar	   absorbance	   patterns	   occurring	   at	   the	   same	  wavelengths	  were	  detected	  in	  the	  experiments	  under	  the	  same	  conditions	  but	  with	  higher	  RH,	  however	  the	  MAC	  intensities	  were	  around	  12	  cm2	  g-­‐1,	  less	  than	  1%	  of	  the	  dry	  acidic	  MgSO4	  experiments.	  This	  may	   indicate	   that	   the	  same	  SOA	  products	   that	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evince	  light	  absorbing	  properties	  are	  forming	  in	  the	  wet	  experiments,	  only	  at	  much	  lower	  yields.	  	  	   Experiments	  employing	  (NH4)2SO4	  inorganic	  seed	  demonstrated	  no	  significant	  formation	  of	  light	  absorbing	  SOA.	  Figure	  2	  (B)	  illustrates	  the	  MAC	  values	  for	  experiments	  with	  (NH4)2SO4	  seed	  aerosol.	  Under	  all	  experimental	  conditions,	  (NH4)2SO4	  seed	  experiments	  evidenced	  small	  MAC	  values	  in	  the	  400-­‐300nm	  range,	  with	  the	  dry	  neutral	  experiment	  demonstrating	  no	  absorbance	  whatsoever.	  However,	  SOA	  mass	  growth	  under	  dry	  and	  wet	  acidic	  conditions,	  as	  well	  as	  wet	  neutral	  conditions,	  was	  significantly	  higher	  in	  the	  (NH4)2SO4	  experiments	  than	  the	  experiments	  with	  MgSO4	  seed	  aerosol.	  These	  results	  are	  consistent	  with	  recent	  studies	  demonstrating	  rapid	  uptake	  of	  IEPOX	  and	  mass	  growth	  on	  non-­‐acidified	  (NH4)2SO4	  at	  high	  RH	  [35].	  	  	   Interestingly,	  humidity	  and	  acidity	  also	  affected	  mass	  uptake.	  Experiments	  with	  MgSO4	  seed	  under	  wet	  acidic	  conditions	  demonstrated	  significantly	  higher	  aerosol	  mass	  growth,	  around	  48	  µg	  m-­‐3,	  compared	  to	  dry	  experiments,	  which	  exhibited	  growth	  in	  the	  neighborhood	  of	  38	  µg	  m-­‐3.	  The	  effect	  of	  RH	  on	  SOA	  growth	  may	  be	  caused	  by	  the	  formation	  of	  a	  miscible	  liquid-­‐phase	  water	  layer	  on	  the	  seed	  aerosol	  that	  promotes	  IEPOX	  uptake,	  consequently	  accelerating	  mass	  growth.	  These	  results	  are	  consistent	  with	  studies	  illustrating	  the	  potential	  for	  formation	  of	  such	  layers	  even	  under	  low	  RH	  conditions	  [36]	  [37].	  In	  the	  experiments	  using	  both	  types	  of	  seed,	  mass	  growth	  was	  observed	  in	  experiments	  with	  acidified	  seed.	  With	  neutral	  seed	  mass	  growth	  was	  observed	  only	  for	  the	  wet	  (NH4)2SO4	  experiment.	  These	  results	  highlight	  the	  crucial	  role	  of	  acidity	  on	  the	  particle-­‐phase	  reactivity	  of	  IEPOX,	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namely,	  indicating	  an	  uptake	  mechanism	  involving	  acid	  catalyzed	  opening	  of	  the	  epoxy	  ring.	  	  In	  addition,	  these	  results	  suggest	  that	  high	  humidity	  is	  not	  favorable	  to	  the	  formation	  of	  the	  light-­‐absorbing	  components.	  
	   	  Figure	  1.	  Mass	  absorption	  coefficients	  (MAC)	  for	  SOA	  constituents	  generated	  on	  MgSO4	  seed	  (A)	  and	  on	  (NH4)2SO4	  seed	  (B)	  under	  varying	  acidity	  and	  humidity.	  	  
Formation	  of	  light-­‐absorbing	  constituents	  over	  time.	  
	   	  Aging	  experiments	  with	  acidified	  MgSO4	  seed	  under	  dry	  conditions	  were	  conducted	  in	  order	  to	  examine	  the	  evolution	  of	  light-­‐absorbing	  constituents	  over	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time.	  In	  these	  experiments,	  filters	  samples	  were	  collected	  for	  1-­‐hour	  periods	  3	  and	  9	  hours	  after	  introduction	  of	  IEPOX	  in	  the	  chamber.	  The	  results	  from	  these	  experiments	  are	  presented	  in	  Figure	  2.	  Samples	  collected	  after	  9	  hours	  exhibited	  greater	  overall	  absorbance	  than	  the	  3-­‐hour	  filters.	  This	  is	  attributable,	  however,	  to	  higher	  filter	  loadings	  as	  the	  aerosol	  mass	  increased	  over	  time.	  Table	  2	  illustrates	  the	  discrepancy	  in	  mass	  concentration	  between	  both	  periods.	  Comparison	  of	  the	  <MAC>	  between	  the	  two	  periods	  reveals	  similar	  mass-­‐adjusted	  absorbance	  spectra	  in	  the	  two	  periods,	  supporting	  the	  explanation	  that	  the	  higher	  absorbance	  in	  the	  9-­‐hour	  samples	  are	  a	  consequence	  of	  more	  SOA	  formation	  rather	  than	  an	  evolution	  of	  species	  with	  enhanced	  light-­‐absorbing	  characteristics,	  namely	  extended	  polymerization.	  	  	  
Time	  
Period	  
Average	  Mass	  
Conc.	  (µg	  m-­‐3)	  
during	  Filter	  
Collection	  
Inorganic	  Mass	  
Conc.	  (µg	  m-­‐3)	  
Avg.	  Max.	  
Aerosol	  
Conc.	  (μg	  
m-­‐3)	  
Organic	  Mass	  
Conc.	  (µg	  m-­‐
3)	  Short	  (3	  hr)	   75.46	   48.5	   90.5	   35.0	  Long	  (9	  hr)	   94.85	   60.2	   130.5	   51.1	  	   	   	   	   	  Table	  2.	  Comparison	  of	  mass	  concentration	  during	  filter	  collection	  in	  extended	  reaction	  experiment.	  Long-­‐aged	  samples	  collected	  more	  mass	  due	  to	  higher	  mass	  concentration	  in	  the	  chamber	  after	  9	  hours	  than	  after	  3	  hours.	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  Figure	   2.	   Evolution	   of	   Light-­‐Absorbing	   SOA	   over	   time.	   Graph	   (A)	   illustrates	   total	  absorbance	  spectra	  for	  filter	  samples	  collected	  at	  3	  hours	  (red)	  and	  9	  hours	  (black).	  Graph	  (B)	   illustrates	  absorbance	  adjusted	   for	  mass	  (MAC)	   for	  both	  samples.	  Long-­‐aged	   filter	   samples	   exhibited	   higher	   total	   absorbance	   than	   short-­‐aged,	   but	   had	  similar	  MAC.	  	  	  
Chemical	  characterization	  of	  light-­‐absorbing	  SOA	  constituents	  	   Two	   experimental	   conditions:	   dry	   acidic	   MgSO4,	   and	   wet	   acidic	   MgSO4	  evidenced	   formation	   of	   light	   absorbing	   SOA.	   Their	   resulting	   spectra	   from	  UPLC/DAD-­‐ESI-­‐QTOFMS	  are	  presented	   in	  Figure	  3.	  UPLC-­‐DAD	  analysis	  reveals	   the	  occurrence	  of	  enhanced	  light-­‐absorption	  for	  eluents	  with	  retention	  time	  between	  9	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and	  14	  minutes,	  especially	  in	  the	  dry	  acidic	  MgSO4	  experiment.	  During	  this	  period,	  the	   solution	   gradient	   of	   the	  mobile	   phase	   consisted	   of	   90%	  methanol,	   suggesting	  that	   the	  chemical	   species	  exhibiting	   light-­‐absorbing	  properties	  are	  hydrophobic	   in	  nature.	  	  From	  the	  UV-­‐Vis	  spectra	  for	  both	  bulk	  samples	  and	  constituents	  collected	  at	  retention	   time	   9-­‐14	  minutes	   (collected	   by	   the	   DAD)	   shown	   in	   Figure	   4,	   it	   can	   be	  gleaned	   that	   the	   majority	   of	   the	   light-­‐absorbing	   properties	   of	   the	   IEPOX-­‐derived	  SOA	  are	  attributable	  to	  compounds	  eluting	  between	  9-­‐14	  minutes.	  Consistent	  with	  the	   DAD	   data,	   SOA	   formed	   on	   dry	   acidified	   MgSO4	   produced	   the	   most	   light	  absorbing	  material	  while	  SOA	  products	  of	   IEPOX	  uptake	  onto	  wet	  acidified	  MgSO4	  produced	  some,	  but	  far	  less	  light	  absorbing	  species.	  	  ESI-­‐MS	  data	  measured	  under	  positive	  ion	  mode	  revealed	  an	  interesting	  peak	  in	  TIC	  after	  retention	  time	  of	  11	  min,	  as	  shown	   in	  Figure	  5.	  The	  occurrence	  of	   the	  peak	  coincides	  with	  the	  9-­‐14	  min	  retention	  time	  eluents	  exhibiting	  light	  absorbing	  properties.	   This	   abundance	   in	   this	   peak	   may	   correlate	   with	   the	   light	   absorbing	  properties	  measured	  by	  the	  DAD.	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  Figure	  3.	  Overlaid	  total	  ion	  chromatograms	  (TICS)	  with	  dry	  acidic	  MgSO4	  in	  black	  and	  wet	  acidic	  MgSO4	  in	  red	  (A).	  	  Mass	  spectra	  for	  eluents	  with	  retention	  time	  9.904	  to	  13.097	  min	  from	  ESI-­‐QTOFMS	  in	  positive	  ion	  mode.	  Period	  of	  eluents	  measured	  are	  highlighted	  in	  gray	  (B).	  Overlaid	  absorbance	  at	  365nm	  from	  DAD	  (C).	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  Figure	   4	  UV-­‐Vis	  measurements	   for	   eluents	  with	   9-­‐14	  minute	   retention	   time	   (top)	  and	   bulk	   UV-­‐Vis	   measurements	   (bottom)	   for	   experimental	   conditions	   producing	  light-­‐absorbing	   material.	   The	   red	   and	   blue	   lines	   in	   the	   top	   figure	   represent	  absorption	  of	  solvent	  blank	  and	  wet	  acidic	  conditions,	  respectively.	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  Figure	  5.	  DAD	  measurements	  (green)	  reveal	  the	  presence	  of	  light	  absorbing	  material	  eluting	  at	  retention	  time	  9-­‐14	  minutes.	  ESI-­‐MS	  results	  in	  positive	  ion	  mode	  (blue)	  show	  a	  peak	  in	  TIC	  occurring	  at	  10-­‐12	  minutes,	  suggesting	  occurrence	  of	  compounds	  that	  may	  be	  related	  to	  the	  light-­‐absorbing	  properties.	  This	  peak	  is	  not	  observed	  in	  the	  negative	  ion	  mode	  scan	  (red).	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Discussion	  	   Previous	  studies	  of	  OH	  oxidation	  of	  isoprene	  have	  yielded	  limited	  evidence	  to	  the	  formation	  of	  light-­‐absorbing	  material.	  Updyke	  et	  al.	  [31],	  for	  example,	  compared	  light	   absorbing	  properties	   of	   various	  VOCs	   and	   their	   products	   following	  OH	  or	  O3	  initiated	  oxidation,	  but	  found	  no	  visible	  evidence	  for	  light	  absorbing	  products	  from	  OH-­‐initiated	   isoprene	   oxidation	   in	   the	   presence	   of	   gaseous	   NH3.	   In	   contrast,	   our	  results	  provide	  ample	  evidence	  for	  secondary	  formation	  of	  light	  absorbing	  products	  from	   reactive	   uptake	   of	   isoprene	   epoxydiols	   in	   the	   presence	   of	   acidified	   particle-­‐phase	   MgSO4.	   The	   observed	   absorbance,	   measured	   by	   the	   averaged	   MAC	   for	   the	  experimental	   products	   presented	   here,	   were	   approximately	   340	   cm2	   g-­‐1,	  significantly	  higher	  than	  the	  reported	  increase	  in	  average	  MAC,	  50	  cm2	  g-­‐1,	  observed	  in	  Updyke	  et	  al.	  (2012).	  	  To	  find	  the	  source	  of	  these	  discrepancies	  in	  results	  between	  the	  two	  studies,	  one	  can	  turn	  to	  the	  difference	  in	  experimental	  conditions.	  Updyke,	  for	   instance,	   employed	   “fresh	   SOA”	   as	   opposed	   to	   a	   reactive	   SOA	   intermediate.	  What’s	  more	   the	   reactions	  were	  carried	  out	  without	   the	  presence	  of	   seed	  aerosol,	  which	  this	  study	  demonstrates	  to	  be	  a	  crucial	  factor	  for	  BrC	  formation,	  and	  exposed	  the	  SOA	  to	  a	  humid	  environment,	  which	  these	  results	  show	  tends	  to	  have	  a	  slowing	  kinetic	   effect	   on	   BrC	   formation.	   The	   differences	   between	   the	   respective	   methods	  and	  results	  of	  this	  study	  and	  that	  of	  Updyke	  et	  al.	  thus	  further	  highlight	  the	  role	  of	  acidity,	   seed	   composition,	   and	   humidity	   in	   the	   chemical	   processes	   yielding	   light-­‐absorbing	  carbon.	  Moreover,	   these	  results	  highlight	  a	  specific	  SOA	   intermediate	  of	  isoprene,	  IEPOX,	  as	  particularly	  significant	  precursors	  to	  BrC	  formation.	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In	   addition	   to	   demonstrating	   evidence	   for	   the	   formation	   of	   light	   absorbing	  carbon,	   this	   study	  provides	  profound	   insight	   to	   the	  mechanisms	  of	   its	  production,	  namely	   the	   significance	   of	   acidity	   and	   humidity	   as	   parameters.	  Nguyen	   et	   al.	   [34]	  demonstrated	   that	   dissolved	   limonene	   SOA	   products	   formed	   light	   absorbing	  material	   when	   subject	   to	   evaporation	   in	   the	   presence	   of	   acidified	   ammonium	  sulfate.	   The	   products	   reported	   in	   that	   study,	   exhibiting	   absorption	   in	   the	   500	   nm	  range	   and	   stemming	   from	   limonene	   SOA	   rather	   than	   isoprene	   SOA,	   are	   likely	  different	  from	  those	  observed	  here.	  However,	  the	  method	  of	  their	  formation,	  though	  tailored	  to	  represent	  natural	  cloud	  processes,	  share	  crucial	  factors	  with	  the	  methods	  employed	  in	  this	  study.	  The	  dependence	  on	  acidity	  exhibited	   in	  both	  experimental	  conditions	   further	   highlight	   its	   significance	   in	   the	  mechanisms	   for	   light-­‐absorbing	  SOA	   formation.	   In	   addition,	   the	   process	   of	   evaporation	   may	   represent	   analogous	  conditions	  to	  the	  dry	  chamber	  conditions	  in	  this	  study	  that	  produced	  the	  most	  light-­‐absorbing	   material.	   Taken	   together,	   these	   results	   suggest	   that	   natural	   cloud	  processes	  may	  serve	  as	  a	  stage	  for	  light-­‐absorbing	  carbon	  formation	  from	  biogenic	  carbon	   via	   reactions	   mediated	   by	   acidity	   and	   humidity.	   Moreover,	   these	   results	  imply	   a	   mechanism	   that	   supports	   the	   atmospheric	   relevance	   of	   the	   processes	  reported	  in	  this	  study.	  	  Recent	  studies	  of	  atmospheric	  brown	  carbon	  and	  light-­‐absorbing	  SOA	  reveal	  the	  atmospheric	  significance	  of	  the	  results	  presented	  here.	  Using	  aircraft	  sampling,	  tropospheric	  BrC	  SOA	  was	   recently	  detailed	   in	  Liu	   et	   al.	   [38].	  The	   study	  observed	  BrC	  to	  be	  more	  evenly	  distributed	  than	  BC	  and	  found	  the	  BrC	  to	  BC	  ratio	  to	  increase	  with	   altitude.	   These	   results	   suggest	   the	   significance	   of	   secondary	   BrC	   production	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over	  the	  traditional	  view	  of	  a	  primary	  product	  of	  biomass	  burning	  and	  incomplete	  combustion.	  A	  new	  picture	  of	  BrC	   formation	  and	   its	   impact	  on	  radiative	   forcing	   is	  revealed	  when	   these	   results	   are	   couple	  with	   the	  data	  presented	  here,	  with	  brown	  being	   a	   significant	   component	   of	   atmospheric	   radiative	   forcing,	   rather	   than	   an	  afterthought	   to	  black	  carbon’s	  effects.	  Liu	  et	  al	  goes	  on	  to	  estimate	   that	  secondary	  tropospheric	  BrC	   absorption,	   excluding	  BrC	  produced	   from	  biomass	  burning,	  may	  reduce	  atmospheric	  aerosol	  forcing	  by	  20%,	  making	  it	  a	  critical	  component	  of	  direct	  aerosol	  radiative	  forcing.	  Overall,	   this	   study	   demonstrates	   the	   potential	   of	   isoprene	   epoxydiols	   to	  generate	  BrC	  under	  atmospherically	  relevant	  conditions.	  	  Given	  the	  major	  impact	  of	  secondary	   BrC	   on	   atmospheric	   forcing	   illustrated	   by	   Liu	   et	   al.	   and	   the	   fact	   that	  isoprene	  is	  the	  single	  most	  abundant	  atmospheric	  hydrocarbon	  excluding	  methane,	  it	  is	  clear	  that	  isoprene	  SOA	  merits	  attention	  as	  a	  potentially	  significant	  player	  in	  the	  global	   climate	   budget.	   The	   results	   presented	   here	   possess	  major	   implications	   for	  climate	  models,	  which,	  as	  mentioned	  previously,	  do	  not	  account	   for	  BrC	  or	  simply	  couple	  BrC	  effects	  with	  black	  carbon.	  For	  these	  models	  to	  be	  truly	  representative	  of	  the	  natural	  chemical	  processes	  that	  affect	  radiative	  forcing	  and	  the	  climate	  budget,	  more	  work	  needs	   to	  be	  done	   to	  elucidate	   the	  chemical	  mechanisms	   that	  drive	   the	  secondary	   production	   of	   light-­‐absorbing	   SOA.	   In	   addition,	   identification	   of	   the	  chemical	   constituents	   and	   chromophores	   responsible	   for	   the	   light	   absorbing	  properties	   of	   isoprene-­‐derived	   SOA	   can	   pave	   the	   way	   for	   more	   precise	  quantification	  of	  its	  impact	  of	  atmospheric	  forcing.	  This	  data	  can	  then	  be	  applied	  to	  atmospheric	  models	  to	  close	  the	  knowledge	  gap	  between	  radiative	  forcing	  and	  SOA	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formation,	   providing	   a	   more	   holistic	   understanding	   of	   the	   aerosol	   processes	   that	  affect	  climate.	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